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•  Theory 

•  Examples 
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The	experiment	determines	the	momentum	of	photoelectron	in	vacuum	



PES Experiment 

h⌫ = Ekin + EB + �



PES Experiment 



2D-PES Experiment 



3D-PES Experiment 

TiTe2	data	courtesy	K.	Rossnagel,	U.	Kiel	



PES – determining momentum 

Translation symmetry in x-y 
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PES – determining momentum 



PES – kinematics 

“…in	a	nearly-free-electron	gas,	op4cal	absorp4on	may	be	viewed	a	two-step	
process.	The	absorp4on	of	the	photon	provides	the	electron	with	addi4onal	energy	
it	needs	to	get	to	the	excited	state.	The	crystal	poten4al	imparts	to	the	electron	to	
the	electron	the	addi4onal	momentum	it	needs	to	reach	the	excited	state.	This	mo-	
mentum	comes	in	the	mul4ples	of	the	reciprocal-la?ce	vector	G.	So	in	a	reduced			
zone	picture,	the	transi4ons	are	ver4cal	in	wave-vector	space.	But	in	photoemission,	
it	is	more	useful	to	think	in	an	extended-zone	scheme.	

G. D. Mahan, Phys. Rev. B, 1970 
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Three- and one-step models 



Three-Step Model 

•  1.	Op6cal	excita6on	

•  2.	Travel	to	the	surface.	Only	elas6c	scaFering	is	considered.	Mean	free	
path	is	about	a	few	angstroms.	

•  3.	Escape	by	a	transmission	through	the	surface.		
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One-Step Model 
Electron	excita6on,	removal	and	detec6on	a	single	
coherent	process		



One-Step Model 
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however,	inside	the	material		 rV = 0

on	the	surface	 @V/@z 6= 0 -	Surface	photoelectric	effect		



The Experiment - ARPES 



The Experiment - ARPES 



The Experiment - ARPES 



The Experiment - ARPES 
Lens	



PES-Imaging	



The Experiment - ARPES 

Energy	Analyzer	
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eV0 -	pass	energy	



The Experiment - ARPES 



The Experiment - ARPES 



ARPES	–	Cu	(100)	



ARPES	–	Cu	(100)	

Eli	Rotenberg,	ALS/LBNL	



Surface states 



Surface states	



The Experiment - ARPES 

Hsieh	et	al,	2008	



Chen	et	al,	Science	2009	



Sb(111)	 Hsieh	et	al,	Science,	2009	



Scanning	Tunneling	Microscopy	

topography	 LDOS	 Manipula6on	



Tunneling	Current	
Barden,	PRL,	1961	
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Retrieve	k-space	from	STM	

Petersen	et	al,	PRB,	1998		

Cu(111)	

Phys.	Rev.	LeF.	86	(2001)	3384	
InS(111)	



Retrieve	k-space	from	STM	

Petersen	et	al,	PRB,	1998		
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Mapping	TIs	

elas6c	scaFering		



STM/STS	 ARPES	

Roushan	et	al,	Nature,	2009	



Seo	et	al,	Nature,	2010	




